Iron deficiency anaemia (IDA) continues to be the most prevalent micronutrient deficiency worldwide. Children, women of childbearing age and pregnant women are the most susceptible to IDA due to their increased demand for iron. The consequences of IDA in these populations range from low birthweight, impaired cognition and growth, reduced work capacity, decreased ability to care for children, to increased morbidity and mortality. 1
The prevalence of IDA in a population is estimated for multiple purposes; the information can be used to plan and evaluate intervention programmes or to prioritize and formulate policy. The assessment of the severity of IDA in a population is complicated by multiple causes of anaemia and the observation that the haemoglobin distributions of iron deficient anaemics (IDA) and non-anaemics (NA) overlap. [2] [3] [4] [5] Methods such as haemoglobin response to iron treatment and the three-criteria model (TCM) have been developed to reduce the potential misclassification of iron status. Haemoglobin response to iron requires a randomized placebo controlled supplementation trial, while the TCM requires assessing iron status using three indicators in blood: serum ferritin (SF), transferrin saturation (TS), and erythrocyte protoporphyrin (EP). 4 However, on a population basis these approaches may be prohibitively expensive, and rely on technology that may not be available in many high prevalence areas of the world. A commonly used method which does not consider the stages of iron metabolism is the haemoglobin cutoff method. It defines IDA as those individuals falling below a specified haemoglobin cutoff. While the method is the least costly, there will inevitably be misclassification due to the overlap in haemoglobin distributions of IDA and NA. [2] [3] [4] [5] Mixed distribution analysis (MDA) is an analytical method which has been tested and statistically validated in fields as diverse as remote sensing and fishery sciences as a means of detecting admixed frequency distributions. 7 Graphical and nonparametric MDA methods have been used in nutritional epidemiology to estimate the contribution of iron deficiency to anaemia in populations as well as the prevalence of IDA. [8] [9] [10] [11] [12] [13] [14] [15] One benefit of the method is that it relies solely on the haemoglobin test which is widely used throughout the world. The method works under the assumption that the frequency distribution of haemoglobin concentration in a population not experiencing iron deficiency is normal and that IDA in a population will cause the distribution to deviate from normal. It also takes into consideration the biological aspects of IDA observed in haemoglobin response to iron treatment trials that the haemoglobin distributions for IDA and NA are different and overlap.
In this paper, we use a maximum likelihood estimation (MLE) technique which permits the characterization of the components of the mixed distributions. 7 While the MLE method of MDA has been used in other fields, to our knowledge it has not been compared to biological models of iron metabolism for the purpose of estimating the parameters of the IDA and NA distributions or the prevalence of IDA. The advantage of MLE over the other MDA techniques used in nutritional epidemiology is that the parameters of the admixed distributions may be estimated based on the assumption of Gaussian distributions. The parameters estimated by MDA are compared to those estimated by the widely used TCM of IDA as a means of assessing the validity of the prevalence estimates. [4] [5] [6] 
Methods
The sample studied was based on a house-to-house survey of infants aged 12-23 months conducted by Lozoff et al. in Costa Rica between 1983 and 1985. 16 All of the children were healthy, born at term, weighed more than 2500 g at birth, had not previously taken therapeutic or supplemental iron, did not have evidence of folic acid or B-12 deficiencies, or lead toxicity. Four hundred and seven subjects met this criteria from an initial screening of 786 subjects. Eighty-five per cent (345) of the 407 infants reported to the clinic for a venipuncture. Haemoglobin concentration was assessed by the cyanmethaemoglobin method, serum iron (SI), total iron binding capacity (TIBC) by a spectrophotometric method, and EP by haematofluorometer. TSAT was computed as SI × 100/TIBC. SF was assayed by RIA using an antibody with high specific activity to increase sensitivity at low SF concentrations. The specific survey and haematologic methods are described by Lozoff et al. 16 Iron status measurements of SF, TS, EP, and haemoglobin were available for 345 infants. SF, TS and EP, were used to estimate the IDA and NA distributions by the commonly used TCM adapted from Pilch and Senti. 6 The sample for MDA consisted of the haemoglobin values for the 345 infants. The sample size was sufficient to detect an admixed distribution of IDA based on a calculation of 20 times the number of distributions being estimated times the number of variables. 17 For MDA the NA distribution was defined as that with proportion p with a mean and standard deviation (SD) of µ 1 ± σ 1. The IDA distribution was defined as that with proportion 1 -p with a mean and SD of µ 2 ± σ 2 . 7, 18 The log likelihood function is represented by L(ψ). The cutoffs used to maximize the likelihood of there being two distributions are represented by x i . The standard Gaussian density function is represented by φ. MDA maximizes the following equation to determine the parameters of the admixed distributions:
The significance of the χ 2 test of the logarithm of the likelihood ratio was used to assess if there was an admixed distribution. The null hypothesis was that there was only one distribution. If the P-value of the χ 2 test was significant, the null hypothesis was rejected in favour of the alternative hypothesis of an admixed distribution.
One sample Kolmogorov-Smironov (KS) tests of normality were performed on the IDA and NA distributions from the TCM in order to verify the assumption of MDA that the admixed populations are both Gaussian. The P-value for the test of the NA distribution (P Ͻ 0.853) was not significant at the level of alpha equals 0.05. The P-value for the test of the IDA distribution (P Ͻ 0.645) was also not significant at the same level of confidence. [17] [18] [19] [20] Thus the assumption of normality was appropriate.
The TCM was used to corroborate the results of MDA. [4] [5] [6] The TCM reflects the stages in iron status from iron sufficiency to iron depletion, iron deficiency and IDA. It is commonly used in the published literature to estimate the prevalence of IDA. [4] [5] [6] The IDA distribution was defined by the TCM as those individuals having SF Ͻ10 mg/L, TS values Ͻ12%, and EP Ͼ1.42 mmol/L of red blood cells. 6 All other subjects were considered NA. 6 The TCM typically defines IDA when two out of three of the previously stated conditions are met in addition to a haemoglobin concentration of Ͻ11.0 g/dL. 6 However, for this study the TCM was modified by dropping haemoglobin from the TCM and changing the definition of IDA so that all three criteria had to be met. The rationale for this modification was threefold:
to maintain a model which represented the stages of iron metabolism in a population where iron deficiency was the sole cause of anaemia and the most severely iron deficient would also be anaemic, to ensure that the parameters of the distributions estimated by the TCM would not be predicated on an arbitrary haemoglobin cutoff, and to reduce the intercorrelation of the methods for estimating prevalence of IDA. The normative distributions from MDA and the TCM were compared by setting a haemoglobin cutoff point at the 2.5th percentile of their respective NA haemoglobin distributions. The degree of overlap in NA and IDA distributions in MDA and the TCM was assessed by calculating the ratio of the difference in means to the minimum SD for each of the methods. The smaller the ratio, the greater the degree of overlap. 20 The differences in the means of the IDA and NA distributions between methods were tested by approximate 95% confidence intervals (CI).
The sensitivity and specificity of MDA as compared to the TCM were calculated by estimating the proportions of false negatives (FN) and false positives (FP). The proportion of FN in the MDA method was estimated by removing the IDA subjects identified by the TCM from the sample and then rerunning MDA to determine if a residual admixed distribution could still be detected. The proportion detected was considered to be FN. The proportion of FP in the MDA method was derived in a similar manner by removing the NA subjects. 6, [11] [12] [13] The sensitivity and specificity of the commonly used haemoglobin cutoff of 11.0 g/dL were calculated relative to the sub-populations identified by the TCM. 5 The prevalences of IDA estimated by MDA and the TCM were compared with the commonly used haemoglobin cutoff of 11.0 g/dL. 5, 6 The prevalences of iron depletion (SF Ͻ10 mg/L), impaired erythropoiesis (EP Ͼ1.42 mmol/L), and iron deficiency (two or more of the following: SF Ͻ10 mg/L, TS Ͼ12%, EP Ͻ1.42 mmol/L), were also calculated to show the different stages of IDA in the population. 6, 21 Simulations were carried out to assess the comparability of MDA and the TCM when the prevalence of IDA was either low or high. A low prevalence scenario was simulated by drawing a random sample of 20 infants from the IDA population defined by the TCM. These subjects were combined with the full NA distribution as defined by the TCM. MDA was run on this sample of 266 infants. A high prevalence of IDA was simulated by taking a random sample of 100 infants from the full NA population defined by the TCM. These subjects were combined with the full IDA distribution as defined by the TCM to produce a sample for MDA of 199 infants. The parameters of the haemoglobin distributions of NA and IDA between methods were compared as was the prevalence of IDA in each of the scenarios. The sensitivity and specificity of MDA and the haemoglobin cutoff of 11.0 g/dL were calculated in each of the scenarios.
Sensitivity and specificity analysis was carried out in the full data set and in the low and high prevalence scenarios to compare the specificity of the haemoglobin cutoff method to the specificity of MDA at the cutoff where sensitivity of the haemoglobin cutoff method was equal to the sensitivity of MDA. Sensitivity of the haemoglobin cutoff method was also compared to the sensitivity of MDA at the cutoff where specificity was equal to the specificity of MDA. Ninety-five per cent CI for sensitivity and specificity were calculated at each of the haemoglobin cutoffs. MDA was considered to have significantly higher sensitivity and specificity if the percentages for MDA fell outside the upper bounds of the CI at each of the haemoglobin cutoffs.
Descriptive statistics were carried out in SPSS. 22 Graphical methods such as probability plots and histograms were used in order to assess visually a distribution's deviation from normal and to compare the distributions between methods. 23 MDA was carried out by PCNORMIX. 24 AccuRoc was used for sensitivity and specificity analysis. 25 
Results
The background characteristics of the total sample of 345 infants are presented in Table 1 . The prevalences of iron depletion, impaired erythropoiesis, and iron deficiency in the population were 70%, 56% and 53%, respectively. As expected, the prevalence decreased with the increase in severity of iron deficiency. There was no relationship between haemoglobin values and anthropometric measurements, age, or sex of the child in the sample of 339 infants for whom complete data exist.
Mixed distribution analysis method
The probability plot of the distribution of haemoglobin values for the entire sample is presented in Figure 1 . The left tail of the distribution deviates from normal which suggests that there may be an admixed population of IDA. 18 The one sample KS test of normality was significant (P Ͻ 0.039), indicating that the total sample deviated from normal. The MDA of the 345 haemoglobin values produced two distributions (P Ͻ 0.001). The parameters of the IDA admixed population and the NA population are reported in Table 2 . Twenty-four per cent of the entire sample was estimated to belong to the lower of the two distributions, with a mean of 10.2 g/dL and an SD of 1.3. 
Three-criteria method
The parameters of the IDA and NA distributions estimated by TCM are also reported in Table 2 . The 29% of the sample considered to be IDA by TCM had a mean haemoglobin of 10.4 g/dL and an SD of 1.3. Figure 2 shows the cumulative frequency of haemoglobin values for the NA sample of 246 (71%) determined by the TCM. The left end tail of the distribution is within the 95% CI of normal which verified that there was indeed an admixed IDA distribution. two distributions was 1.9 for MDA and 1.7 for the TCM, which signified a similar degree of overlap in both methods. Table 3 (under Original Sample) reports the prevalence of IDA estimated by each of the methods, and the sensitivity and specificity of MDA and the haemoglobin cutoff method compared to the TCM. The estimates of prevalence of IDA in the original sample by the haemoglobin cutoff of 11.0 g/dL, MDA, and TCM were not significantly different from one another (P Ͻ 0.745). The sensitivity and specificity of MDA were significantly higher than the haemoglobin cutoff method even after adjusting the cutoff to produce similar sensitivity or similar specificity as the MDA.
Comparison of the two methods

Simulated data sets
The parameters of the NA and IDA distributions by the TCM and MDA in both the low and high prevalence scenarios are presented in Table 2 . The mean and SD of the sub-sample of 266 infants used to simulate a low prevalence situation was 12.0 ± 1.2 g/dL. MDA detected an admixed IDA distribution (P Ͻ 0.005). The prevalence of IDA estimated by MDA, TCM and the haemoglobin cutoff method are reported in Table 3 for the two simulations. There was no difference in the estimates of prevalence by the haemoglobin cutoff of 11.0 g/dL, MDA, or the TCM, in the low prevalence scenario (P Ͻ 0.913). Sensitivity and specificity of MDA were higher than the haemoglobin cutoff method even after adjusting the cutoff (Table 3) .
The mean and SD of the sub-sample of 199 infants used to simulate a high prevalence situation was 11.2 ± 1.4 g/dL. MDA detected an admixed IDA distribution (P Ͻ 0.158). The prevalence of IDA estimated by the three methods is reported in Table 3 . There was no difference in the estimates of prevalence by the haemoglobin cutoff of 11.0 g/dL, MDA or the TCM (P Ͻ 0.902). The sensitivity and specificity of MDA were higher than the haemoglobin cutoff method even after adjusting the cutoff.
Discussion
The TCM and MDA produced the same estimates of the prevalence of IDA in this population of Costa Rican infants aged 12-23 months. MDA was able to detect true IDA and NA distributions relative to the reference of the TCM; the parameters of the distributions between methods were similar, the degree of overlap of the distributions between methods was similar, the NA distributions were comparable to each other and to published reference haemoglobin distributions for similar 'normal' populations, and the sensitivity and specificity of MDA were high based on the reference TCM. [26] [27] [28] It is important to remember that MDA is a method to estimate the prevalence of IDA in a population and not a method for diagnosing anaemia in an individual.
MDA produced similar estimates of the parameters of the distributions and prevalence of IDA as the TCM under simulations of low and high prevalence populations. However, the significance test of MDA in the high prevalence scenario was not significant at alpha equal to 0.05. This was most likely due to the sample size which fell below 300 subjects along with the degree of overlap in distributions of 1.1. McLaren et al. 20 have shown in simulations where the ratio of the difference in means to the minimum SD is less than three a sample size of at least 300 is needed for stable parameter estimates. In the low prevalence scenario, MDA produced statistically significant results where the degree of overlap of the distributions was 1.4 and there were 266 subjects. The sensitivity of MDA in the low prevalence scenario fell in response to the lower prevalence of IDA. When the true prevalence falls, it is important to have high specificity in order to reduce the number of false positives. 29 Specificity in this scenario was 98%.
MDA provided a more accurate estimate of the prevalence of IDA as compared to the haemoglobin cutoff method when the prevalence of IDA was moderate in the full data set and high in the simulated data. Even after adjusting the haemoglobin cutoff, sensitivity and specificity of MDA were higher than the haemoglobin cutoff method, using the TCM as a standard in the moderate and high prevalence scenarios. However, in the simulated low prevalence scenario a cutoff of 11.0 g/dL yielded a sensitivity which was not significantly different from MDA and a specificity which was only slightly lower. This suggests that MDA may be less useful than the haemoglobin cutoff method in low prevalence situations as long as a careful assessment of the correct cutoff is made. 29 However, given sufficient sample size, MDA provides an accurate method for estimating the prevalence of IDA which does not depend on arbitrary cutoffs.
The benefits of MDA over the TCM approach to the estimation of the population prevalence of IDA are that it is much less expensive and relies solely on haemoglobin concentration which is the only iron status indicator test available and practical in many high prevalence areas of the world. 30 The benefit of MDA over the haemoglobin cutoff method is that it takes into consideration population specific variability in haemoglobin values and thus is able to provide a more accurate estimate of the prevalence of IDA. Another advantage of MDA over the aforementioned methods is that it is not necessary to set a haemoglobin cutoff or cutoffs for the other iron status measures in order to estimate the prevalence of IDA or to characterize the IDA and NA distributions. MDA has been criticized for underestimating the prevalence of IDA. 9, 10, 15, 18, 28 However, we found that the estimates from MDA and the TCM were comparable using MLE, where there was a moderate (29%), simulated low (8%) and high (50%) prevalence of IDA, and where there was evidence that iron deficiency was most likely the only cause of anaemia in the population. The previous criticisms of MDA were based on studies where the prevalence of IDA was either very low, or where MDA was carried out using the graphical method, or where the magnitude in overlap of the IDA and NA distributions was different from what we observed in a population of Costa Rican infants between the ages of 12 and 23 months. 9, 10, 15, 18, 28 It is difficult to compare the results of this study with others because the other studies have used either graphical approaches or iterative percentile methods for MDA rather than an MLE technique, or have been carried out in different populations. [8] [9] [10] [11] [12] [13] [14] [15] The mean and SD of the anaemic sub-population were not estimated in some of the other studies because a Gaussian IDA distribution was not assumed. 10, 15, 18, 28 In addition, the previous studies used different definitions of IDA.
It is possible that the results of this study may not be generalizable to other populations. For example, it may not be appropriate to use MDA in populations where there is an unknown and or significant contribution to anaemia for reasons not related to iron deficiency. 12, 13 It is not clear how MDA would perform in populations where the frequency distribution of haemoglobin concentration of the IDA population is not Gaussian, or where other nutrient deficiencies, environmental factors, or infection may contribute to anaemia. It was not possible to evaluate these factors in this study because infants with anaemia related to infection or factors other than iron deficiency were excluded. Previous studies have not used MLE technique of MDA under these conditions. 9, 10, 15, 18 The ability of MDA to detect and characterize an IDA subdistribution may also be affected by the heterogeneity of the sample; anything which would increase the variance of the total haemoglobin distribution, the sub-distributions or the degree to which the sub-distributions overlap could influence the results of MDA. From the results of this study we are not able to predict the ability of MDA to detect more than one admixed distribution. For example, in populations residing at high altitude, IDA contributes to a sub-distribution at the left tail of the haemoglobin distribution, and polycythaemia to the right tail of the distribution. 12 Or, in a population with haemoglobinapathies and IDA, one might expect two sub-distributions to the left of the normal haemoglobin distribution.
Further research should be done to compare MDA with the TCM, for the purpose of estimating the prevalence of IDA, in populations where there is reason to suspect more than one admixed distribution as well as in populations where there is evidence of infection, other nutritional anaemias, or conditions which may affect the variability of the total frequency distribution of haemoglobin concentration. It would also be useful to compare MDA with the results of haemoglobin response to iron treatment to see if MDA is identifying an admixed IDA population which would be likely to respond to iron supplementation or fortification.
In conclusion, compared to the reference TCM, MDA provides a more accurate estimate of the true prevalence of IDA than the haemoglobin cutoff method in a population of children aged 12-23 months with a moderate prevalence of IDA and in a simulated high prevalence scenario. MDA is a less costly method for estimating the severity of IDA in populations with moderate to high prevalences of IDA, and for assisting in the design, monitoring and evaluation of iron intervention programmes.
